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a b s t r a c t
This paper presents a 3D simulation of damages and cracks growth in composite material using Discrete
Element Method (DEM). Fiber/matrix debonding and ply to ply delamination, cracks matrix, rupture of
ﬁbers are addressed. Matrix and ﬁber are supposed to be brittle materials and follow a linear fracture
model. Cohesive contact laws are implemented to model interfaces behavior for both debonding (ﬁber/
matrix) and delamination (ply/ply). Piecewise linear elastic laws usually used in cohesive zone models
are retained in this work. A Double Cantiliver Beam (DCB) test is ﬁrst experimented using the present
DEM with Cohesive Contact Models (CCM). Then, based on De Borst's works [1], a single ﬁber composite
under transverse traction is modeled to study debonding and matrix cracks propagations depending on
the matrix and the ﬁber/matrix interface strengths ratio. A bi-disperse medium for matrix and ﬁber is
speciﬁcally elaborated to reduce the discrete elements number. The analysis is extended to a so-called
multi-ﬁbers composite specimen, also called Statistical Elementary Volume (SEV), made of several
ﬁbers embedded in the matrix. Finally, the results are compared with DeBorst's works and qualitatively
discussed.
1. Introduction
Taking beneﬁts of their speciﬁc properties, composite materials
are widely used for structural applications in various industry but
particularly in the aerospace industry. Composite structure always
need to be more and more optimized for economic and environ-
mental reasons in particular. So, many efforts are made today in
manufacturing but also and simultaneously in modeling. Indeed,
the damage mechanisms and their growth when composite ma-
terials and structures are exposed to severe loading must be pre-
dicted as precisely as possible. Delamination Fig. 1 and ﬁber/matrix
debonding Fig. 2 are mainly addressed. In this purpose, modeliza-
tions must take place at microscopic scales to capture such
damages.
Currently, numerical methods are based on the continuum
damage mechanics and the fracture mechanics for both studying
the damage initiation and the cracks propagation. They use a stress
criteria for initiation [4,5] and a strain energy release rate for
propagation [6e9]. The Virtual Crack Closure Technique (VCCT) is
also encountered to predict only the propagation of existing
delaminations [10e12]. Another way is to use cohesive zone model
[13e15]. Compared with the VCCT, it offers the advantages of the
crack initiation, the crack propagation with no need of time
consuming crack-paths algorithms. Multiple crack paths can be
considered but needs to place cohesive interface elements every-
where the crack may propagate [16]. In this case, the numerical
treatment can rapidly increase and happens to be very time
consuming. Moreover, modeling ﬁber/matrix debonding this way is
not possible.
To overcome these difﬁculties, the use of a 3D Discrete Element
Method (DEM) is a very interesting alternative. In Refs. [17], authors
have demonstrated the ability of the method to naturally capture
the damages and their growth in composite medium without
preset paths. The present paper is a continuity of this work. The
main improvements remain in the implementation of a Cohesive
Contact Model (CCM) to model ﬁber/matrix debonding and
delamination, but also in the introduction of a bi-disperse medium
to save signiﬁcant computation time; the size of Discrete Elements
(DE) is larger for the ﬁber than for the matrix. Besides, the added
value of the present DEM is to be in 3D whereas the most of DEM
investigated for composite medium in literature are in 2D [18e22].
In this paper, the general concept of the present DEM developed
in the lab is ﬁrst recalled. Then, the geometrical modelization of the
composite medium as a bi-disperse medium is presented; a single
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ﬁber composite and statistical elementary volumes are considered.
Next, the mechanical modelization for ﬁber, matrix and ﬁber/ma-
trix interface using the Cohesive Contact Model (CCM) is described.
The following sections are devoted to numerical tests. A Double
Cantiliver Beam (DCB) test is ﬁrst experimented using the present
DEM with cohesive contact models. Then, based on De Borst's
works [1], a single ﬁber composite under transverse traction is
modeled to study debonding and matrix cracks propagations
depending on the matrix and the ﬁber/matrix interface strengths
ratio. This test is extended to the so-called Statistical Elementary
Volume (SEV) made of several ﬁbers embedded in the matrix.
Finally, the results are compared with DeBorst's works and quali-
tatively discussed.
2. Discrete element modeling
2.1. Granular Object Oriented workbench
The DEM originally developed by Cundall and Strack [23] is a
very useful numerical tool for modeling the behavior of granular
and particulate material [24e27]. Further developments have
adapted the method to study the fracture of brittle materials such
as concrete and rocks [28e30], composite [18,19]. In DEM, the
materials are discretized by a great number of DE interacting with
each other. The DE are of spherical (3D) [23,31], or circular (2D)
[32,33], or polyhedral shapes [34,35]. They interact by contact,
spring and dampers links [36,21,22] or by cohesive beams
[31,37,38]. The contact laws can be regular [23,34,35] or non regular
ones [39]. The constitutive parameters of spring, dampers links and
cohesive beams are calibrated to get the suitable behavior at an
observable scale. Then elasticity, plasticity, viscosity and more
complex behavior can be addressed. A brittle elastic behavior is
considered in the present work.
In this study, the Granular Object Oriented workbench (GranOO)
software developed in the lab [40] is used. In GranOO, calculations
are based on Verlet velocities [41] explicit dynamics integration
scheme. The discrete element linear position and velocity are
estimated by Ref. [42]:
p!ðt þ dtÞ ¼ p!ðtÞ þ dt _p!ðtÞ þ dt
2
2
€p
!ðtÞ (1)
_p
!ðt þ dtÞ ¼ _p!ðtÞ þ b dt
2
ð €p!ðtÞ þ €p!ðt þ dtÞÞ (2)
where:
 t is the current time and dt is the integration time step.
 p!ðtÞ; _p!ðtÞ; p€
!
ðtÞ is the discrete element linear position, velocity
and acceleration.
 b is the numerical damping factor.
Compared to others explicit schemes [43], Verlet scheme has
been selected thanks to its ability to provide goods results and its
ease of implementation. Knowing the DE position and velocity, the
interacting forces and couples are calculated. Then, the dynamical
equilibrium applied on each DE leads to the DE acceleration. The
new velocity and position are then obtained by integrations and so
on. A ﬂow chart of Verlet dynamics explicit scheme for linear po-
sition and velocity is illustrated in Table 1. The same scheme for
angular position and velocity.
The time step is proportional to the square root of the ratio
between the smallest mass and the greater stiffness. Its ﬁnal value
is chosen to get a stable integration numerical scheme. Moreover,
an artiﬁcial damping can be advantageously introduced to prevent
from large numerical oscillations due to high frequencies.
DE used in GranOO are mainly of spherical shape but there is no
restrictions to use more complex shapes if needed by the study. For
instance, for thermal conduction, polyhedral particules can be used.
The radius of spheres is varying according to a uniform distribution
to optimize the ﬁlling process of the continuummedium avoiding a
special arrangement of DE, see Section 2.2. Otherwise, regular
contact laws and cohesive beams are used in GranOO in 3D model
[42]. Fig. 3 illustrates the cohesive bonding of the beam type of a
discrete domain. The beam is cylindrical. Its geometry is deﬁned by
only two parameters: the length Lm and the radius rm where the
subscript m stands for microscopic scale. Details on the geometrical
and mechanical aspects are given in the next sections.
2.2. Geometrical modeling - mono and bi-disperse media
2.2.1. Specimens type
Two types of specimen are considered in this work related to the
performed study.
For delamination study, the Double Cantilever Beam (DCB) test
in 3D is performed. The specimen is made of two plies (Fig. 4)(a). It
Fig. 1. Delamination at the interface between two plies of carbon ﬁber reinforced
polymer composite under an impact laser [2].
Fig. 2. Fiber-matrix debonding: section perpendicular to the ﬁber axis [3].
constitutes a so-called mono-disperse medium supposed to be
isotropic.
For debonding and matrix cracks study, the traverse traction
test on mono-ﬁber and multi-ﬁbers embedded in a resin block
proposed by Alfaro et al. [1] is investigated. A bi-disperse medium
is then elaborated for the composite. The DE for modeling ﬁbers
are greater than the ones for matrix. Indeed, for ﬁbers, the DE
radius is equal to the radius of the ﬁber supposed to be of circular
cylindrical shape. The DE are then stacked along the ﬁber with
geometrical overlapping to properly represent the ﬁber/matrix
interface. Finally, it looks like a pearl necklace where the pearls
geometrically interpenetrate with each other. This modeling is
convenient since the intra-ﬁber damages are not sought. For
matrix, the DE are smaller. Their size is chosen so that cracks
initiation and propagations could be captured. The single ﬁber
and the composite specimens with mono and multi-ﬁbers are
depicted in Fig. 4(b), (c) and (d). By adopting such a bi-disperse
medium for mono-ﬁber and multi-ﬁbers composite specimens,
the number of DE and so the computational time can be signiﬁ-
cantly decreased.
2.2.2. Filling process
The ﬁlling process is the way to build a compacted discrete
domain that represents a continuous homogeneous isotropic
domain. It is challenged by the following objectives [42]: i) to reach
a rate of compaction for modeling correctly the continuums, ii) to
insure the medium isotropy (at this stage, ﬁber and matrix are
supposed to be isotropic), iii) to preserve the interface geometry
(ply/ply and ﬁber/matrix) as precise as possible.
The common ﬁlling procedure is performed in three distinct
steps: i) a random free ﬁlling, ii) a forced ﬁlling, iii) a relaxation
phase of the domain [42].
 In the ﬁrst step, the volume to be ﬁlled is deﬁned. DE are
randomly placed in this volume. Each DE has a random radius
following a given statistical distribution (uniform, truncated
Gaussian). The radius dispersion is about 25%. The volume
bounding surfaces behave as rigid walls. This ﬁrst step of ﬁlling
ends when no more DE can be randomly added without
geometrical inter-penetration with each other.
 The second step consists in completing the ﬁlling by forcing the
inter-penetration between the DE. When no more DE can be
placed without exceeding the inter-penetration tolerance, a
DEM calculation is performed to allow a re-arrangement of the
discrete domain. Then, new DE can be placed. This operation is
repeated till theminimal coordination number obtained of 6.2 is
achieved.
 The last step is a relaxation of the discrete domain to reduce the
inter-penetrations between DE. The method used consists in
lowering gradually the stiffness of the bounding rigid walls. The
relaxation stops when an acceptable inter-penetration value
(smaller than 105%) is achieved.
The specimen used for DCB test (Fig. 4)(a) has been created by
applying the three steps above. For the composite specimens,
Fig. 4(c) and (d), the bi-disperse medium required a special pre-
ﬁlling step. It consists in placing the ﬁber DE before performing
the common ﬁlling procedure. Thus, the ﬁber DE are randomly
placed in the cubic matrix volume to be ﬁlled. The number of ﬁbers
depends on the desired ﬁber volume fraction. The ﬁber DE don't
move during the ﬁlling process. Fig. 5 and Fig. 6 illustrate the three
steps ﬁlling procedure for mono-ﬁber and multi-ﬁbers composite
media with respective ﬁber volume fraction of Vf¼ 0.1 and Vf¼0.4.
2.3. Mechanical modeling: cohesive beams, springs, cohesive
contact at interface and matrix failure criteria
Once the geometry of specimens is achieved, the mechanical
behavior is considered. For the mono-disperse medium, Fig. 7(a),
cohesive beams are placed between the DE of each ply. At interface,
the cohesive beams are removed. They are replaced by cohesive
contact laws detailed in sections below. For the bi-disperse me-
dium, Fig. 7(b), spring links are introduced to connect the DE of a
ﬁber while cohesive beams are used between the DE of the matrix.
Spring stiffness can be obtained analytically from the ﬁber me-
chanical properties.
Fig. 3. Illustration of the cohesive beam bond in GranOO [42].
Table 1
Verlet dynamics explicit scheme.
2.3.1. Interface decohesion - cohesive contact models (CCM)
Cohesive contact laws taking place between the DE in contact
at interface (ply/ply, ﬁber/matrix) are implemented, Fig. 8. Piece-
wise linear laws are retained for modeling both normal and shear
contact. This contact softening model is quite similar to the
cohesive contact model (CCM) used in the continuum mechanics
[44,45]. The normal and shear cohesive forces are respectively
expressed as a function of the normal displacement un and the
tangential displacement us between two particles in contact at
interface. Let us deﬁne by n! the normal vector pointing from the
center O1 of DE 1 to the center O2 of DE 2, Eq. (3), and by t
!
the
tangential vector, orthogonal to n!. The normal and tangential
displacements can be easily calculated, Eq. (4). R1 and R2 respec-
tively denote the radius of DE 1 and DE 2, Vt is the relative
tangential velocity between two particles, dt is the time step and N
is iteration number.
n!¼ O1O2
!
=
O1O2! (3)
un ¼ O1O2  ðR1 þ R2Þ us ¼
XN
i¼1
Vtdt (4)
For both tensile and shear cases, the interface begins to degrade
when the displacements un and us reach respectively the values uen
and ues corresponding to the critical forces F
c
n and F
c
s . The degra-
dation of the interface continues until the displacements reach the
values upi , i¼ n or s. Then, the crack opens at interface and can
propagate in mode I (crack opening), mode II or mode III (shear)
and mixte-mode [19].
The fracture energy release rate G can be easily expressed for
both mode I and mode II by Eq. (5):
GI ¼
1
2
Fcn
S
upn GII ¼
1
2
Fcs
S
ups (5)
In the above expressions, S denotes a ﬁctitious surface between
two DE at interface. This surface is simply expressed as S ¼ pR2
where R stands for an equivalent radius depending on the nature of
the medium:
 For the mono-disperse medium, R ¼ 0.5(R1þ R2) with R1, R2 the
radius of the particles in contact at interface (Fig. 9a).
 For the bi-disperse medium, R x R1 assuming that the value
R2[ R1 with R1, the radius of DE of matrix and R2, the radius of
DE of ﬁber (Fig. 7)(b).
2.3.2. Failure criteria for the matrix
The matrix is modeled as an homogeneous and isotropic brittle
material. The DE that constitute the matrix are connected by
cohesive beams (see Fig. 7(b)). Two failure criteria for the brittle
matrix have been compared in this study. The present criteria have
been already investigated in recent works of authors [17]. The ﬁrst
one is based on the literature [34,46], whereas the second one has
been developed in the lab [47,48].
The ﬁrst criterion, called the Breakable Bonds Failure process,
BBF, is driven by the maximum normal stress in a beam. It simply
stipulates that the failure occurs when this maximum normal
stress, sfail is exceeded. Fig. 10 presents an illustration of this failure
criterion. Then, a crack can propagate following the path given by
the successive breaks of the beams (or bonds).
Fig. 5. Filling procedure for mono-ﬁber composite, V f¼ 0.1 (a) pre-ﬁlling stage, (b) intermediate stage and (c) ﬁnal compacted domain.
Fig. 4. Sample conﬁguration of a) DCB test (40000 DE), b) single ﬁber (25 DE), c) mono-ﬁber composite (10000 DE), d) multi-ﬁbers composite (34000 DE).
The second criterion, called the Removed DE Failure process,
RDEF, is based on the deletion of a DE when a tensile criterion is
satisﬁed in bonds connected to this DE. The virial tensor is deﬁned
for each DE, as follows:
si
!¼ 1
2Ui
X
jsi
1
2

rij
!
5 fij
!þ fij
!
5rij
!

(6)
where:
 5 is the tensor product
 si! is the equivalent Cauchy stress tensor for the discrete element i
 Ui is an inﬂuential volume around the discrete element i
 fij
!
is the force exerted on the discrete element i by a cohesive
beam that bonds the discrete element i to another discrete
element j
 rij! is the relative position vector between the center of the two
bonded discrete elements i and j
Fig. 6. Filling procedure for multi-ﬁbers composite, Vf ¼ 0.4 (a) pre-ﬁlling stage, (b) intermediate stage and (c) ﬁnal compacted domain.
Fig. 7. Mechanical bonds and cohesive laws for (a) mono-disperse and (b) bi-disperse media.
Fig. 8. Constitutive behavior of contact softening model (a) normal contact (b) shear contact.
Fig. 9. Cohesive contact in (a) mono-disperse (b) bi-disperse media.
This criterion assumes that fracture occurs when the hydrostatic
stress is higher than a threshold critical value sc [48]:
1
3
trace

si
!  sfail (7)
When the criterion is satisﬁed, all the cohesive beams in Ui
around the discrete element i are broken Fig. 10(b).
Themicroscopic values of sfail in BBF criterion and RDEF criterion
are obtained by a numerical calibration procedure [48].
3. Simulation of DCB test
The implemented cohesive contact models (CCM) are ﬁrstly
experienced for the Double Cantilever Beam (DCB) test. The sub-
sections below describe the test conﬁguration, the DEM modeling
and give a comparison of the numerical results with the analytical
solution.
3.1. Test conﬁguration
The geometry of the cantilever beam is shown in Fig. 11. The
length, the width and the thickness of the beam are respectively
L ¼ 45mm, b ¼ 6mm and 2h ¼ 3 mm. A pre-crack of length
a0 ¼ 0.3 L is performed. P forces are applied on each part of the pre-
cracked beam in order to initiate and propagate a crack, in modes I,
from the left to the right end of the specimen. The mechanical
properties chosen for quantitative assessment are: E ¼ 135 GPa for
Young's modulus, n22 ¼ 0.24 for Poisson's ratio. smax ¼ 5.7 MPa for
the interface strength and GI ¼ 0.56 N/mm. For this test, only the
normal cohesive contact law has been implemented.
3.2. Analytical results
From elastic beam theory, the compliance of the specimen is
deﬁned by Eq. (8):
C ¼ 2D
P
¼ 2a
3
3EI
(8)
where a is the crack length, EI is the ﬂexural rigidity of the spec-
imen and D is the displacement (Fig. 11(b)). Based on energy con-
siderations and remaining in the linear fracture mechanics
assumptions, the variation of the compliance can be related to the
crack length one using the energy release rate by Eq. (9):
G ¼ P
2
2b
dC
da
¼ P
2a2
bEI
(9)
where b is the specimen width.
From Eq. (8) and Eq. (9), and providing that the interface fracture
energy is constant during the crack propagation, the force P versus
displacement D can be expressed as, Eq. (10):
P ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4
9
b3G3EI
4
r
1ﬃﬃﬃﬃﬃﬃ
2D
p (10)
The crack length during the crack propagation can be also
deduced, Eq. (11):
a ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3
4
Eh3D2
G
4
s
(11)
3.3. DEM modeling
3.3.1. Specimen creation
The DCB specimen building process has been presented in
Section 2.2. Firstly, a parallelepiped box of dimensions
45 mm  6 mm  3 mm was ﬁlled by DE. Two specimens with
respectively 40000 DE and 60000 DE have been realized. All the DE
are connected by the cohesive beam bonds. Then, beam bonds
which belong to the interface surface located at mid-thickness of
the specimen are removed. They are replaced by cohesive contact
laws, detailed in Section 2.3.1, implemented between DE that are in
contact at this interface except in the pre-cracked area, Fig. 12.
3.3.2. Calibration of microscopic parameters
This procedure is used to identify the microscopic parameters of
the cohesive beam bonds. The cohesive beams are deﬁned by four
parameters: two geometrical parameters, the length Lm and the
radius rm, and two mechanical ones in case of linear behavior, the
Young's modulus Em and the Poisson's ratio nm. Practically, an adi-
mensional radius ~rm which does not depend on the DE sizes is
preferred to rm for all cohesive beams. it is deﬁned by the ratio
between the cohesive beam radius and the average discrete
element radius: rm
!¼ rm=RDE . As previously introduced in Section
2.1, the subscript m denotes here and thereafter the microscopic
scale.
This calibration procedure is largely described in Ref. [42]. Only
the main important points are recalled in this section through the
present applications.
The values of the cohesive beam length Lm depends on the dis-
tance between the centers of DE interacting. They result from the
ﬁlling process. The three others parameters Em, nm, ~rm need to be
Fig. 10. Illustration of breaking bond for (a) BBF criterion and (b) RDEF criterion.
Fig. 11. Illustration of DCB test in continuous medium at (a) initial state (b) loaded state.
calibrated. The calibration methodology aims to ﬁnd the suitable
microscopic parameters to recover the properties observable at a
scale above. It is based on numerical static and dynamic reference
tests in traction/compression, bending and torsion.
Andre et al. [42] have observed that: i) the microscopic Poisson's
ratio nm does not inﬂuence on the macroscopic Young's modulus EM
and themacroscopic Poisson's ratio nM ii) themacroscopic Poisson's
ratio nM depends only on the microscopic radius ratio erm iii) the
macroscopic Youngs modulus EM depends on the microscopic
radius ratio erm and the microscopic Youngs modulus Em.
With these observations, the calibration methodology can be
summarized in two main steps:
 i) and ii) lead to choose initial values for nm and Em. The respective
value of 0.3 and 1000 GPa are arbitrarily adopted. Then, erm varies
and the calibration curve of nM versus erm is numerically estab-
lished, Fig. 13(a). The microscopic value of erm corresponding to
the desired macroscopic value nM can be extracted from the
previous curve. For the present material, the suitable micro-
scopic radius ratio erm ¼ 0:49 is found to match with the desired
macroscopic Poisson's ratio value nM ¼ 0.24.
 knowing the value of erm ¼ 0:49, the microscopic Young's
modulus Em varies in turn. The calibration curve of the macro-
scopic Young's modulus EM versus the microscopic Young's
modulus Em can be plotted, Fig. 13(b). The microscopic Young's
modulus Em ¼ 1100 GPa leading to the desired macroscopic
Young's modulus EM ¼ 135 GPa can thus be obtained.
Concerning the microscopic parameters of the cohesive contact
models (uen, u
p
n, Fcn), they are determined from Eq. (5) considering
the interface strength smax¼ 5.7 MPa and the strain energy release
rate GI¼ 0.56 N/mm for the present material.
3.3.3. Numerical results and comparison
The numerical DCB test is performed using the two specimens
involving 40000 DE and 60000 DE. Constant and opposite
displacements are applied to the set of DE located at the left end
side of ply-1 and ply-2 respectively, Figs. 11 and 12. Dual force P on
the previous DE set results from DEM calculations by satisfying the
equilibrium equations.
Firstly, the numerical (from DEM calculations) and analytical
(from Eq. (10) and Eq. (11)) curves of macroscopic responses
P¼ P(D) and a/L¼ a/L(D) are respectively plotted on Fig. 14(a) and
Fig. 14(b). In comparison with the analytical beam model, a rather
good trend can be observed. Numerical results underestimate both
the apparent stiffness P2D of the specimens in the elastic stage and
the P force corresponding to the beginning of the degradation of the
interface, Fig. 14. After the damage initiation, numerical and
analytical results match well. The implemented cohesive bonds at
interface allow to correctly capture the interface degradation
leading to a progressive decrease of the force P during the crack
propagation. When the crack stops at the right end of specimens
(ply-1 and ply-2 are fully separated at interface), specimens look
like two separated beams (each ply is a beam) and then, the evo-
lution of P¼ P(D) increases linearly again. This is also quite well
captured by present DEM. Moreover, the crack propagation a/L¼ a/
L(D), Fig. 14(b), is correctly simulated exhibiting a higher non
linearity compared to the analytical solution.
Secondly, the microscopic behavior at the interface can be
assessed thanks to the DEM modeling. When the crack propagates,
a process zone is visible ahead the tip, Fig.16. This is the zonewhere
the cohesive contact laws implemented between DE at interface are
activated. As D gradually grows, the closest cohesive contact bonds
of crack tip rapidly evolve in the softening part of the cohesive law
until they break. Thus, the loss of contact occurs and the crack
propagates. Fig. 15(a) illustrates the process zone pointing out the
zone where the cohesive contact bonds progress in the softening
part (ie for which un is between uen and u
p
n , Fig. 8(a)) and the one
where they progress in the elastic part (ie for which un is between
0 and uen, Fig. 8(a)). Fig. 15(b) shows the evolution of the process
zone length when D grows. It reveals that this length is almost
constant as the crack propagates, Fig. 16.
Fig. 12. Conﬁguration of DCB test in DEM model (40000 DE): (a) DE (b) cohesive beam bonds level.
Fig. 13. Calibration curves for present material. (a) Radius ratio erm calibration and (b) microscopic Young's modulus Em calibration.
Concerning the numerical convergency, Figs. 14 and 15(b) prove
that suitable results can already be achieved with 40000 DE.
Nevertheless, a smoother P¼ P(D) curve, Fig. 14(a), can be obtained
with 60000 DE. But the reality may not be so smooth due to local
stick-slip behavior at interface. Such a behavior could be captured
by the present DEM. Present results encourage the authors to
experiment a DCB test.
4. Simulation of transverse traction on a single-ﬁber
composite specimen
The cohesive contact models (CCM) are now implemented at the
interface between ﬁber and matrix to study the interface debond-
ing. The simulation is based on the work of Alfaro et al. [1] inwhich
a specimenmade of a single ﬁber embedded in an epoxy resin block
is subjected to a transverse tensile loading (Fig. 17). In this section,
the effect of the ratio between the interface strength and matrix
strength and the effect of the initial default on both the matrix
cracks and debonding initiation and propagation are discussed. The
inﬂuence of the discretization level on the numerical results is also
analyzed. The composite material used is glass ﬁber with epoxy
matrix. The mechanical properties of the components are sum-
marized in Table 2.
4.1. Specimen creation
The geometry of specimen and the loading are presented in
Fig. 17(a). The diameter of glass ﬁber is 10 mm. The specimen is a
cube of dimensions 28 mm 28 mm 28 mm. The ﬁber volume
fraction is Vf¼ 0.1. A uniform displacement u is imposed at the right
and left edges of specimen. Fig. 17(b) shows the single-ﬁber
specimen modeled with DE following the procedure described in
Section 2.2. The ﬁber DE are ﬁrstly positioned (so as superimposed)
in the middle of the cube. The DE overlapping is 90%. The cubic
resin block is then ﬁlled in accordance with the ﬁlling procedure
(see Section 2.2 and Fig. 5).
4.2. Calibration of microscopic parameters
In this test, the matrix DE are connected by the cohesive beams
whereas the ﬁber DE are connected by the spring links (Fig. 7(b)).
The interface ﬁber/matrix is modeled by the cohesive contact
models (CCM) as mentioned above.
For the epoxy matrix, supposed to be brittle elastic, the micro-
scopic parameters of the cohesive beams ( erm, Em, nm) are identiﬁed by
the calibration procedure, as in the DCB test (Section 3.3.2).
Knowing erm, Em, nm, the microscopic failure stress sm is determined
for both BBF and RDEF criteria, see Section 2.3.2. from a tensile test
on a cylindrical sample (as for the elastic calibration) [48]. The
microscopic parameters issued from calibration are listed in
Table 3.
For the glass ﬁber, the DE are superimposed and connected by
the spring links (Fig. 18b). The stiffness kn of a spring n can be easily
related to the stiffness K of the ﬁber, Eq. (12):
1
K
¼
XN
n¼1
1
kn
K ¼ ES=L (12)
where N is the number of springs, E is the ﬁber Young's modulus,
S ¼ pR2f is the cross-section of the ﬁber with Rf its radius and L
denotes the ﬁber length (Fig. 18(a)).
Fig. 14. (a) Load-displacement curves and (b) crack lengthedisplacement curves in the DCB test.
Fig. 15. (a) Distinction of damaged zones (b) damaged zone lengths in DEM.
For the interface glass/epoxy, CCM presented in Section 2.3.1
(Fig. 9(b)) is introduced. The contact surface between a ﬁber DE
and a matrix DE is supposed to be equal to SxpR21. The microscopic
parameters of the cohesive contact model (uen, u
p
n, Fcn) are deter-
mined from the Eq. (5) using an interface strength smax of 25MPa, a
strain energy release rate GI of 0.5 N/mm and an interface elastic
stiffness kelasint of 10
8 N/mm with kelasint ¼
Fcn
uen
. At this stage of work,
these values have not been experimentally identiﬁed but extracted
from the work of Alfaro et al. [1].
4.3. Sensitivity to the mesh reﬁnement
In order to study the inﬂuence of the discretization on the nu-
merical results, three specimens corresponding respectively to a
‘Coarse discretization’, an ‘Intermediate discretization ’ and a ‘Fine
discretization’, Fig. 19 are considered. The number of ﬁber DE and
matrix DE as well as the number of interfaces between the ﬁber and
matrix are listed in Table 4 for each specimen. The number of ﬁber
DE is unchanged for the three specimens.
The numerical test consists in a transversal tensile loading by
imposing a uniform displacement u on opposite edges of speci-
mens, see Fig. 17(a). The interface strength smax between ﬁber and
matrix is ﬁxed to the value of 25 MPa. The two failure criteria,
respectively BBF and RDEF, have been assessed, see section 2.3.2.
Fig. 20 presents the stress-strain curves obtained for the three
specimens with the two failure criteria. Strain and stress values
plotted are obtained by averaging the discrete values on the right
section of specimen. Using BBF criterion or RDEF leads to distinct
behavior. A more brittle behavior is observed using the BBF crite-
rion. Moreover, numerical convergency is acceptable as the use of
the specimen with the coarse mesh with this criterion. Using the
RDEF criterion, the convergency is achieved from the intermediate
discretization.
The crack is shown in Fig. 21 and Fig. 22 for the three dis-
cretization levels using the two failure criteria. It is represented by
the DE in purple color for which the cohesive beams have been
broken. As in the stress-strain curves, rather reproducible results
are observed regardless mesh reﬁnement with BBF criterion while
the intermediate discretization seems to be the minimum neces-
sary for convergency with RDEF criterion. In both cases, the ten-
dency of the crack path is the same. Appearing in the middle of
specimen, it globally propagates perpendicularly to the loading
direction (transverse to the ﬁbers). The crack totally passes through
the specimen for ε ¼ 0.018 using BBF and for ε ¼ 0.08 using RDEF.
4.4. Interface strength ratio
The traversal cracking highly depends on the ratio between the
matrix strength sM and the ﬁber/matrix interface strength sI. The
inﬂuence of this strength ratio on the failure process is studied
hereafter. Two strength ratios are considered: sM/sI¼ 2 and sM/
sI¼ 0.5. sM remains constant and equal to 50MPa, Table 3. The ﬁne
discretization specimen is used. In this section, the numerical re-
sults are presented using the RDEF criterion for matrix failure cri-
terion. As mentioned in Ref. [17], the use of this criterion allows a
Fig. 16. Propagation of process zone at (a) D ¼ 0(mm), (b) D ¼ 0.29(mm), (c) D ¼ 0.73(mm) and (d) D ¼ 1.05(mm).
Fig. 17. Conﬁguration of single-ﬁber test in (a) continuous media (b) discrete media.
Table 2
Material properties of the ﬁber-epoxy specimen.
Fiber Young's modulus (glass) 86.9 GPa
Fiber Poisson's ratio 0.23
Fiber radius 5 mm
Matrix Young's modulus (epoxy) 3.9 GPa
Matrix Poisson's ratio 0.37
Matrix yield stress 50 MPa
Interface tensile strength 25 MPa
Interface shear strength 25 MPa
Interface elastic stiffness 108 N/mm
Interface fracture energy release rate (mode I and mode II) 0.5 N/mm
Table 3
Calibration of microscopic parameter of epoxy matrix.
Matrix epoxy E (GPa) n sM(MPa) erm sm(MPa)
Continuum properties M 3.9 0.37 50 e e
Discrete properties m 429 0.3 e 0.19 e
with the BBF criterion 5700
with the RDEF criterion 162
good representation of the macroscopic behavior but also of the
microscopic one.
In the ﬁrst case, sM/sI¼ 2, the interface strength is then lower
than the matrix one. It is related to the crack path brieﬂy described
in the above section, Fig. 22. The crack propagation is now more
discussed. Fig. 24 presents the broken cohesive beams (or bonds) in
matrix during the failure process at different strain levels. Two
types of cracks appear: cracks in matrix and debonding at the ﬁber/
matrix interface. As sM/sI¼ 2, damage appears ﬁrstly at interface.
Then, cracks initiate and propagate in matrix all around the inter-
face. Theymainly appear in themiddle cross-section containing the
ﬁber, perpendicular to the load direction. Cracks develop in this
cross section area till the ﬁnal rupture of the specimen (see
Fig. 23(b)).
Moreover, the force-displacement behavior is plotted in
Fig. 23(a). The behavior is linear elastic until the displacement
u¼ 21.105 mm (corresponding to strain ε ¼ 0.015, see Fig. 20(b)).
Then, a non-linear behavior is visible due to cracks appearance,
Fig. 24(a,e). The maximum force is around 42.103 N obtained for
u¼ 26.105 mm (or strain ε ¼ 0.019, see also Fig. 24(b,f)). Then, the
force decreases as interface damages progressively appear as well
as cracks in matrix. It tends to zero very slowly because the failure
strain is upper at interface than in matrix.
For sM/sI¼ 0.5, the interface strength is greater than the matrix
one. Fig. 23(d) represents the crack path whereas the force-
displacement is plotted in Fig. 23(a) for this case. As the interface
is more resistant than in previous case, the slope of linear part of
the force-displacement curve is higher until the maximum value of
48.103 N. Then, the force decreases more rapidly compared to the
case with sM/sI¼ 2. It vanishes when the crack totally passes
through the specimen at the approximative displacement value of
u¼ 12.104 mm (or strain ε ¼ 0.09). As for sM/sI¼ 2, cracks initially
appear in the matrix around the interface ﬁber/matrix area, then
Fig. 18. Fiber modeling: continuous medium (a) and the spring link connected the DE of ﬁber in DEM (b).
Fig. 19. Single-ﬁber composite specimens (a) coarse discretization (18835 ED), (b) intermediate discretization (27916 ED) (c) ﬁne discretization (46004 ED).
Table 4
Number of DE used for the three specimens.
Discretization DE for
ﬁber
DE for
matrix
DE for ﬁber/matrix
interface
Total
Coarse 25 18810 624 18835
Intermediate 25 27891 832 27916
Fine 25 45979 1167 46004
Fig. 20. Stress-strain curves for the three specimens (a) using BBF criterion (b) using RDEF criterion.
propagate along the cross section, perpendicularly to the load di-
rection, Fig. 25.
For both sM/sI¼ 2 and sM/sI¼ 0.5, consistent and encouraging
results are obtained in comparison with results obtained with the
Finite Element Modeling (FEM) [1], Fig. 23(c), (e). A good trend of
microscopic cracks path is observed. For sM/sI¼ 2, cracks develop
in the middle cross-section, ﬁrstly in the matrix and than at the
ﬁber/matrix interface bypassing the ﬁber. In contrast, cracks appear
only in thematrix for sM/sI¼ 0.5. Concerning themacroscopic force
response, the same elastic part until themaximum force is obtained
using the two methods DEM and FEM (Fig. 23(a)). However, a sig-
niﬁcant difference in trend is observed for the force evolution
during the cracks propagation. A more brittle behavior occurs with
DEM. This result is explained by the different matrix failure crite-
rion used in each simulation methods. In DEM, the matrix follows a
linear fracture model (RDEF criterion) whereas a piecewise linear
model (the same than used at interfaces) is used in FEM. So, the
comparison is not proper beyond the linear part.
4.5. Default and cracks growth
The inﬂuence of initial defaults in matrix on the macroscopic
response is now studied. Two porosities values are considered:
Pr¼ 2% and Pr¼ 5% for the two strength ratio sM/sI¼ 2 and sM/
sI¼ 0.5. In the present discrete domain, an initial default is
implemented by specifying that a set of the cohesive beam is free of
all efforts. Yellow cohesive beams in Fig. 26 describe one possible
conﬁguration of a distribution of defaults for Pr¼ 2%.
In this section, the capacity of default implementation is mainly
aimed. Even if it is not the best to capture the mechanisms
Fig. 21. Path of the crack, ε ¼ 0.018, using BBF criterion (a) with the coarse discretization (b) with the intermediate discretization (c) with the ﬁne discretization.
Fig. 22. Path of the crack, ε ¼ 0.08, using RDEF criterion (a) with the coarse discretization, (b) with the intermediate discretization and (c) with the ﬁne discretization.
Fig. 23. (a) Compare the evolution of force-displacement with the Finite Element Modeling [1] for sM/sI¼ 2 and sM/sI¼ 0.5, Crack path for (b) sM/sI¼ 2 and (c) the equivalent in
FEM, (d) for sM/sI¼ 0.5 and (e) the equivalent in FEM.
occurring at microscopic scale, the BBF criterion is essentially used
here for convenience.
The macroscopic stress-strain curves obtained are plotted in
Fig. 27(a) for sM/sI¼ 2 and in Fig. 27(b) for sM/sI¼ 0.5, assigning the
porosity value at Pr¼ 0%, Pr¼ 2% and Pr¼ 5% . For sM/sI¼ 2, no
signiﬁcant difference on the stress-strain curve is observed with
Pr¼ 0% and Pr¼ 2%. However, the maximum macroscopic stress
decreases of 22% when the porosity goes from Pr¼ 0% to Pr¼ 5%.
Moreover, the non linear behavior seems to become less brittle
when the porosity increases.
For sM/sI¼ 0.5, the same tendency can be observed. Neverthe-
less, the macroscopic stress-strain curve is more sensitive to the
low porosity. Indeed, a decrease of 13% on the maximum stress
value is obtained from Pr¼ 2%. It is unchanged for Pr¼ 5%. The
softening effect for this porosity is not as inﬂuential on the
macroscopic behavior as in the previous case with sM/sI¼ 2, where
the interface debonding participates signiﬁcantly on the crack
propagation process. On the contrary, the crack mainly propagates
in the matrix when sM/sI¼ 0.5.
Fig. 28 illustrates the failure process for the porosity Pr¼ 2% and
the strength ratio sM/sI¼ 0.5. Cracks initially appears around the
defaults before propagating through the matrix perpendicularly to
the load direction.
5. Simulation of transverse traction on a multi-ﬁbers
composite specimens
To complete the failure study, a transverse traction test in 3D on
a so-called multi-ﬁbers composite specimen, or Statistical
Elementary Volume (SEV), is considered in this section. The
Fig. 24. Failure process for sM/sI¼ 2 . Representation of the broken bonds in matrix (blue color) for different macroscopic values of strain. (a,e) ε ¼ 15.103, (b,f) ε ¼ 19.103, (c,g)
ε ¼ 27.103, (d,h) ε ¼ 53.103. (a,b,c,d) and (e,f,g,h) illustrate respectively the face and side views (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.).
Fig. 25. Failure process for sM/sI¼ 0.5. Representation of the broken bonds in matrix (blue color) for different macroscopic values of strain. (a,e) ε ¼ 14.103, (b,f) ε ¼ 17.103, (c,g)
ε ¼ 35.103, (d,h) ε ¼ 53.103. With face views (a,b,c,d) and side views (e,f,g,h) (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.).
specimen is a cube of side dimensions 125 mm (Fig. 29). It is made of
ﬁbers randomly placed in the matrix. The diameter of ﬁbers is
10 mm. The inﬂuence of the ﬁber volume fraction Vf and the ratio
between the matrix strength sM and the ﬁber/matrix interface
strength sI on both microscopic and macroscopic responses will be
investigated. A transverse uniform displacement u is imposed at
opposite edges of the specimen. The material properties are refer-
enced in Table 2. To prevent from edge effects in the numerical
simulation, unbreakable resin bands (mazarine color) have been
added at opposite edges of the specimen (Fig. 29)(b). As for the
single-ﬁber composite specimen (see Section 4), the cohesive
contact laws are implemented at ﬁber/matrix interfaces and the
RDEF criterion used for failure of matrix.
Three ﬁber volume fractions Vf¼ 0.1,0.3 and 0.4 are considered,
Fig. 30. The number of DE used for ﬁber, matrix and ﬁber/matrix
interface is mentioned in Table 5 for each specimen. For each Vf, two
Fig. 26. Conﬁguration of defaults (yellow beam) in specimen for Pr¼ 2% displayed (a) in 3D (b) in face views (c) in side views (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.).
Fig. 27. Evolution of stress-strain for Pr¼ 0%, Pr¼ 2% and Pr¼ 5% with: (a) sM/sI¼ 2 (b) sM/sI¼0.5.
Fig. 28. Failure process for Pr¼ 2% and sM/sI¼ 0.5. Broken bonds in matrix (blue color) for different macroscopic values of strain: (a,e) ε ¼ 14.103, (b,f) ε ¼ 16.103, (c,g) ε ¼ 17.103,
(d,h) ε ¼ 19.103 displayed in (a,b,c,d) face views and (e,f,g,h) side views.
strength ratios sM/sI¼ 2 and sM/sI¼ 0.5 are considered. The matrix
strength is ﬁxed to sM¼ 50 MPa, Table 3.
For sM/sI¼ 2, the crack path is illustrated for Vf¼ 0.1, Vf¼ 0.3 and
Vf¼ 0.4 at the displacement u¼ 115.104mm (or strain ε ¼ 0.184),
Fig. 31. Cracks in matrix (in purple color) and debonding at ﬁber/
matrix interfaces can be depicted. For the lowest value of Vf, the
matrix mainly governs the crack path an the failure occurs at the
middle of the specimen. For higher values of Vf, the crack path
seems to be more inﬂuenced by the debonding of nearby ﬁbers
edges.
Concerning the macroscopic force-displacement curves plotted
in Fig. 33(a), the slope of the linear part highly decreases as the ﬁber
volume fraction increases. Moreover, the maximum force, obtained
for approximatively u¼ 20.104 mm for all Vf values, signiﬁcantly
decreases as Vf increases.
For sM/sI¼ 0.5, the crack path is illustrated in Fig. 32 for all Vf
tested values. The interface strength being greater than the matrix
one, the crackmainly develops in thematrix and the fracture occurs
close to the edge. The force-displacement curves plotted in
Fig. 33(b) exhibit steeper slopes than that observed with sM/sI¼ 2,
Fig. 33(a). For the lowest values of Vf, i.e Vf¼ 0.1 and Vf¼ 0.3, the
stiffness matrix is well recovered in the linear part. Moreover, the
macroscopic force decreases rapidly after its maximumvalue. Thus,
the matrix behavior approaching a rather brittle behavior is prop-
erly restored. On the other hand, broken elements (in white color),
not visible when sM/sI¼ 2, occur at ﬁber/matrix interfaces at strain
ε ¼ 0.184 (Fig. 32). This is explained by an upper value of up used in
the cohesive model (Fig. 8) for the present ratio sM/sI¼ 0.5, the
energy release rate remaining the same for the two sM/sI ratios.
Compared with the FEM results, a similar linear part is obtained
in both case sM/sI¼ 2 (Fig. 33)(a) and sM/sI¼ 0.5 (Fig. 33)(b) for
Vf¼ 0.1 and Vf¼ 0.3. However, DEM exhibits a more brittle behavior
than FEM. The reason is the same explained in the single-ﬁber
composite case (Section 4.4).
6. Conclusions and prospects
An original DEM approach is presented. In continuation of
previous works in Refs. [17], the present paper conﬁrms the ability
of the method to model in 3D the damages and cracks growth in
composite materials. Cohesive contact laws are implemented for
studying the delamination between plies as well as the debonding
between ﬁbers and matrix. In order to better describe the adhesion
at ﬁber-matrix interfaces and to reduce the discrete element
number and thus the computation time, bi-disperse media are
introduced in this work.
In the ﬁrst simulation, the delamination problem is addressed
considering the DCB test. The cohesive contact is then introduced at
the interface between plies. Satisfactory macroscopic responses are
achieved in comparisonwith the analytical results available for DCB
test. Also, crack growth and process zone can be well captured. For
transverse traction simulations on respectively a single-ﬁber and a
multi-ﬁbers (or VSE) composite specimen, the ﬁber-matrix
debonding and the matrix cracking can be tracked thanks to the
implemented cohesive contact laws and the BBF and RDEF failure
criteria for matrix already experimented in Ref. [17]. The result
tendency by varying the ratio between the matrix strength and the
interface strength and the ﬁber volume fraction (for SEV) is rather
Fig. 29. Geometry of multi-ﬁbers composite specimen with Vf¼ 0.3, (a) continuous media (b) discrete media.
Fig. 30. Geometry of specimens using three ﬁber volume fractions: (a) Vf¼ 0.1 (b) Vf¼ 0.3,(c) Vf¼ 0.4.
Table 5
Discrete elements number of different ﬁber volume fraction.
Volume
fraction
DE for
ﬁber
DE for
matrix
DE for ﬁber/matrix
interface
Total number
of DE
Vf¼ 0.1 456 38231 4696 38687
Vf¼ 0.3 1416 28959 12902 30375
Vf¼ 0.4 1896 23616 11537 25512
good compared with the Finite Element Method [1] both on the
macroscopic responses (force-displacement curves) and the dam-
age mechanisms occurring at microscopic scale.
In order to further improve the quantitative results, the authors
are now working on both experimental and numerical tests to
identify the mechanical parameters needed by the cohesive contact
laws. A fragmentation testing on 0 single yarn composite spec-
imen [49] is particularly addressed to achieve those parameters in
case of shear contact. About the normal contact, authors are
interesting in the laser shock performed on a block of resin with an
embedded yarn. A tension zone can be locally generated using this
process. Then, by having experimentally both macroscopic and
microscopic diagnosis, the mechanical parameters needed by the
normal cohesive contact laws could be identiﬁed by an inverse
approach. However, a particular attention should be focused on the
strain rate effect.
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